In this work, the critical diameter for detonation was measured for Nitromethane (NM) sensitized with two different amines: Diethylenetriamine (DETA) and Triethylamine (TEA). The critical diameter in glass and polyvinylchloride tubes is found to decrease rapidly as the amount of sensitizer is increased, then increase past a critical amount of sensitizer. Thus the critical diameter reaches a minimum at a critical concentration of sensitizer. It was also found that the critical diameter is lower with DETA than with TEA.
INTRODUCTION
Previous studies have shown that small concentrations of certain substances can strongly increase the explosive sensitivity nitromethane (NM). Amines are found to be the most effective chemical sensitizing agent for NM with ethylenediamine and diethylenetriamine (DETA) producing the largest increase in the card gap value (1) . Triethylamine (TEA) is favored in certain lowtemperature applications on account of it's freezing point of -115°C.
Although the card gap method has been used to compare various sensitizers, the critical diameter is a more fundamental dynamic parameter for detonation since it is directly related to the chemical length scale of the detonation wave (2) . In gaseous detonations, the critical diameter is directly proportional to the cell size parameter. The cell size has been used to formulate many semi-empirical correlations such as the critical energy for direct initiation, the critical tube diameter for detonation propagation in various tubes and channels, and the critical conditions for propagation in porous media (3) .
The effect of DETA on the critical diameter of NM has been reported by Engelke (4) , who performed measurements with up to 2.5% DETA by mass in NM. Engelke observed a reduction in the critical diameter of over 50% in the range of DETA concentrations used. In this work, the critical diameter measurements in NM are extended for DETA concentrations up to 20% by mass. The critical diameter of NM sensitized with up to 15% TEA by mass is also measured.
EXPERIMENTAL DETAILS
The critical diameter was measured in tubes of glass or polyvinylchloride (TygonTM). Tubes of different diameter with a length of 15Omm were attached at one end to a 3cc plastic syringe with a length of 70mm and a diameter of 8mrn, as shown in NM with different concentrations of sensitizer was tested in tubes of different diameter in order to determine the critical diameter. In certain cases, the critical diameter was measured by using a fixed tube diameter and varying the sensitizer concentration until super-critical and sub-critical concentrations were found. This latter procedure was chosen when high accuracy was desired within a certain range of sensitizer concentrations where tubes were not available in fine enough increments of diameter.
The witness plate method provided a clear indication of the distance of propagation of the detonation along the tube, and non-ambiguously showed whether the tube diameter was above or below the critical value. Since the tube length was over 20 times the diameter, there was sufficient distance for the detonation to reach a steady state. Velocity measurements performed in a previous work (6) showed that it was uniform along the tube for super-critical diameters, hence confirming the stability of the wave. 
RESULTS AND DISCUSSION
The critical diameter for NM was found to decrease sharply with only a small concentration of DETA added. At a concentration of 0.5% DETA, the critical diameter in glass tubes decreased 0.3mm from its value of 16.2rnm for pure NM (4), as seen in Fig. 2 . The present results extrapolate well to Engelke's results with DETA concentrations less than 0.053%.
This strong reduction of the critical diameter is an indication of a decreased reaction zone length in the detonation front, or equivalently, an increase in the reaction rate. This can occur when the amine chemically weakens certain bonds in the NM molecule, effectively reducing the activation energy 0 . Independent observations of another ratedependent parameter, the time-to-detonation in a shocked explosive, also support a strong increase in the reaction rate of NM with the addition of minute amounts of DETA (5) . Hence the addition of DETA effectively controls the characteristic chemical time scale of the detonation front.
Also apparent from the results (Fig. 2) is that the critical 'diameter of liquid explosive confined in TygonTM is higher than with glass. This can also be seen in the critical diameter results for NM sensitized with TEA (Fig. 3) . This can be explained by the stronger confinement of glass on the explosive due to its higher shock impedance. The effect of confinement on the detonation properties has been recently discussed in Brouillette et al. (6) . One of the main features of the critical diameter dependence on the concentration of sensitizer is a minimum critical diameter which occurs at a critical sensitizer concentration. As the concentration of sensitizer increases past the critical value, the critical diameter begins to increase sharply. This phenomenon is once again present with both DETA and TEA mixtures (Figs. 2 and 3) . The minimum diameter occurs in DETA-sensitized mixtures at around 15% for Tygon tubes.
Although the minimum was not reached for glass tubes (Fig. 2) , it would likely occur at the same DETA concentration as for Tygon tubes (O/,1 5) since the sensitizer concentration at the minimum does not seem to be influenced by the confinement (Fig. 3) . For TEA mixtures, the minimum diameter occurs around 5%.
A possible explanation for the minimum in the critical diameter curve may be deduced from the dilution effect of the sensitizer.
As the concentration of sensitizer increases, the energy released in the detonation wave decreases as does the temperature in the wave.
This effectively reduces the reaction rate and increases the critical diameter. At small sensitizer concentrations, the critical diameter decreases due to a reduction in the activation energy, however at larger concentrations, the dilution effect takes over and increases the critical diameter. This is further supported by comparing the sensitizing effect of both amines. As seen in Fig. 4 , the critical diameter of NM is smaller for DETA sensitization than with TEA. Hence DETA is a more effective sensitizer. Furthermore, the critical diameter minimum for DETA mixtures is shifted towards higher concentrations as compared to TEA mixtures. Since the sensitizing effect is stronger with DETA, a larger decrease in temperature is necessary to counteract the effect of sensitization. Consequently, the minimum occurs at a higher concentration where the dilution effect is stronger.
CONCLUSION
The addition of DETA and TEA to NM has been found to strongly reduce the critical diameter of the liquid explosive, with DETA producing a stronger reduction. At higher concentrations of the sensitizer, the critical diameter increases sharply, producing a minimum in the critical diameter dependence on sensitizer concentration. This minimum results from a competition between the sensitizing effect and the dilution effect of the sensitizers.
